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Abstract 
 
Optimized diaphragm structures comprising silicon nitride (SiNx) film integrated with piezoresistive silicon 
nanowires (SiNW) are characterized for nanoelectromechanical system (NEMS) pressure sensors. Several 
improvements are done in comparison with our previously reported device [1]. Firstly, p-type SiNWs of 1 ȝm with 
1E14 implantation instead of 10 ȝm 1E13 implantation are adopted to gain more uniform stress and show better 
linearity. Secondly, by using SiO2+SiNx bi-layer film instead of pure SiO2 film, the membrane is not only flat, but 
also toughened to be able to withstand pressure up to 40 atm. Finally, the real test shows that the sensitivity of 
pressure sensor is doubled by thinning down the SiNx film to half thickness.   
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
 Previously we reported the first pressure sensor using embedded SiNWs [1]. By tuning carrier 
concentration of the embedded SiNW, the pressure sensors show extremely high sensitivity. However, 
large non-linear effect in the SiNW would increase the complexity of the read-out circuit. In the 
meantime, the sensor deployed 3.5ȝm buckled-up SiO2 membrane in the previous version. The high 
residual stress introduced by thick thermal SiO2 layer made the diaphragm fragile and has led to very low 
production yield. Thus, in this work, multi-layered diaphragm structures with different thickness 
combinations are characterized. The pressure sensors are optimized with nearly zero-deflection 
diaphragm and demonstrate good linearity in the SiNW.   
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2. Design & Fabrication 
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                          (i)                                                                                (ii) 
Fig. 1. (i) (a) schematic drawing of the pressure sensor (b) SEM photo of the fabricated device (inset shows the SiNWs) (c) Optical 
microscope photo of the device diaphragm. (ii) Fabrication process flow of the pressure sensor. 
 
The schematic drawing of the pressure sensor is illustrated in Fig.1.(i)(a). A multi-layered diaphragm 
structure is fabricated with diameter of 200 ȝm. The real pressure sensor and the SiNW are presented in 
the SEM and optical pictures as shown in Fig.1.(i)(b)&(c).  
The process flow to fabricate the device is shown in Fig.1(ii). By photoresist trimming and silicon 
thermal oxidation,  SiNWs are formed with cross section of 100 nm x 100 nm with 1 ȝm length. P-type 
implantation using BF2+ is performed with a dosage of 1E14 ion/cm2, and followed by anneali-ng for 
activation. Next, an extra SiO2 layer of 4000 嘤  is deposited for passivation; after via open and metal 
patterning,  2.5 ȝm silicon nitride film is deposited to compensate the compressive stress in the SiO2 layer. 
Finally, DRIE is conducted to release the diaphragm structure.   
3. Characterization methods, results and discussions 
3-1 Diaphragm topography  
To investigate the diaphragm topography versus different combinations of layer structure and 
thickness, and the manufacturability, SiNx layer of various thickness with 84MPa tensile stress is 
deposited on the 0.5 ȝm SiO2 layer to compensate its compressive stress. A white light interferometer 
(WYKO NT3300) system is used to record the profile.  Fig.2(i)(b) shows the 3D profile of the diaphragm 
with 0.5ȝm SiO2 and 2.5ȝm SiNx layers. This data gives almost zero deflection compared with the 
vertical deflection of 1.75 ȝm of the diaphragm with the same size of the data reported last year [1]. The 
3-D profiles and vertical deflection of multilayered diaphragms with SiNx layers of various thicknesses 
are shown in Fig.2(ii). The vertical deflection at diaphragm center changes from 4.90 ȝm to 0.05 ȝm with 
respect to SiNx layer thickness from 0 ȝm to 2.5 ȝm (Fig.2(ii)(e)). By fitting the scattered data, we can 
clearly observe that the membrane central deflection change is relatively small when the SiNx layer is 
thinned down from 2.5 ȝm to 0.7 ȝm; however, the deflection jumps from around 0.4 ȝm to nearly 5 ȝm 
when the SiNx film is further thinned down from 0.7ȝm to 0 ȝm. It is worth noting that the edge of 
diaphragm is in a star-shape after the SiNx is striped, which indicates the stress distribution inside the 
SiO2 layer along the membrane edge. The star-shape could be possibly caused by the non-uniformity  of 
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etch rate across the membrane as the membrane swells during the SiNx removal process. After the SiNx 
layer strip, the membranes swelling in both upward and downward directions are observed. 
 
 
 
                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                             (i)                                                                (ii)  
Fig.2. (i) Pressure sensor diaphragm using (a) pure silicon oxide membrane (b) silicon oxide membrane with silicon nitride layer for 
stress compensation. (ii) Silicon oxide membrane of pressure sensor diaphragm with different silicon nitride thickness 
 
 3-2 Sensitivity & Fracture  
        To explore the sensitivity dependence upon film thickness, the standard bulge test is conducted by 
applying pressure from 0 psi to 30.72 psi (maximum applied pressure within the range of experimental 
set-up). The electrical measurement was performed using the semiconductor parameter analyzer system 
(Agilent 4156C). Pressure sensors of multilayered diaphragm with SiNx layer of 1.3ȝm and 2.5ȝm are 
tested. Slight non-linearity is found in both cases as shown in Fig.3 (i). Fig.3 (ii) shows the FEM stress 
distribution results of the membrane with 2.5 ȝm and 1.3 ȝm SiN2 layer under identical pressure 
application of 1 atm. The simulation results coincide with the experiment well. The sensitivity of the 
pressure sensor is defined by 
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Where S is the sensitivity, R is resistance of the SiNW and P is the applied pressure.  The sensitivity 
derived from the linear fitting lines shows increment from 0.22% psi-1  to 0.42%  psi-1 as the SiNx layer is 
thinned down from 2.5 ȝm to 1.3 ȝm. It is reasonable to conclude that the pure 0.5 ȝm SiO2 membrane 
without SiNx gives the highest sensitivity. However, the ABAQUS finite element analysis shown in Fig.4 
reveals that the 0.5 ȝm SiO2 membrane endures maximum stress of 810 MPa under 3.821 psi (0.26 atm) . 
It indicates that the diaphragm of 0.5ȝm SiO2 will fracture at pressure as low as 0.26 atm [2]. In contrast, 
by leveraging the high fracture strength of SiNx film [3], the diaphragm membranes of 1.3 ȝm SiNx and 
2.5 ȝm SiNx layers are able to endure the applied pressure up to 11.06 atm and 54.66 atm, respectively.  
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   (i)             (ii) 
 
 
Fig. 3. (i) Curves of resistance change versus pressure for pressure sensor with 1.3 ȝm and 2.5 ȝm silicon nitride layer. (ii) 
ABAQUS FEM simulation showing the longitudinal stress distribution for pressure sensor with silicon nitride layer thickness of (a) 
2.5 ȝm (b) 1.3 ȝm. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. ABAQUS FEM simulation showing the stress distribution for pressure sensor with 0.545 ȝm silicon oxide layer at critical 
pressure application 
4. Conclusion  
         In this paper, pressure sensors of multi-layered diaphragm structure with embedded piezoresistive 
SiNWs are characterized and show several improvements compared with our previous data. The sensors 
with pure SiO2 diaphragm gives merit of high sensitivity, but such sensors will swell up or buckle down 
because of residual stress and face lower measurement range of pressure due to fracture issue. Moreover, 
the low production yield is a concern as well. According to the tested data, the sensors with 1.3 ȝm SiNx 
layer give sensitivity of 0.42% psi-1 and are optimized design under the trade-off between 
manufacturability and sensor characteristics such as sensitivity, measurable pressure range and linearity.
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